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We revisit the relation between the neutrino masses and the spontaneous breaking of the B − L gauge sym-
metry. We discuss the main scenarios for Dirac and Majorana neutrinos and point out two simple mechanisms
for neutrino masses. In this context the neutrino masses can be generated either at tree level or at quantum level
and one predicts the existence of very light sterile neutrinos with masses below the eV scale. The predictions
for lepton number violating processes such as µ→ e and µ→ eγ are discussed in detail. The impact from the
cosmological constraints on the effective number of relativistic degree of freedom is investigated.
I. INTRODUCTION
The discovery of the Standard Model (SM) boson responsi-
ble for the electroweak symmetry breaking five years ago was
crucial to establish the SM as one of the successful theories
of nature. Nowadays it is well-known the mechanism respon-
sible to generate masses for the charged fermions in the SM
but unfortunately we cannot explain the ratio between their
masses.
Today, we know that the neutrinos are not massless: the so-
lar and atmospheric mass squared differences are known from
neutrino experiments with a very good precision, see Ref. [1]
for the current values, and there are some important bounds
from cosmology, see for example Refs. [2–6]. However, we
still do not have any clue about the mechanism behind their
mass generation. Clearly, the fact that in the Standard Model
neutrinos are exactly massless forces one to go beyond to un-
derstand the origin of their masses. See Refs. [7–9] for recent
reviews about neutrino mass mechanisms.
In the Standard Model the charged fermion masses are pro-
portional to the electroweak (EW) symmetry breaking scale.
In the case of the neutrinos, the simplest way one can relate
their masses to a new symmetry breaking scale is to consider
scenarios where B − L is a local gauge symmetry. Here B
and L are for baryon and lepton numbers, respectively. As
it is well-known, B − L can be an anomaly free local sym-
metry by adding three copies of right-handed neutrinos to the
standard fermion content. If B − L is never broken one can
explain why neutrinos are Dirac particles, while when it is
spontaneously broken one can investigate the generation of
Majorana masses.
In this article we revisit the connection between the neu-
trino masses and the B − L symmetry breaking scale. We
discuss the different scenarios where the neutrinos can be
Dirac or Majorana fermions. In the case where they are Dirac
fermions, we discuss the B − L Stueckelberg extension of
the SM. We also discuss the well-known scenario of canon-
ical seesaw, where the B − L symmetry is spontaneously
broken in two units. In this context, the right-handed neutri-
nos are typically heavy and the light neutrinos are Majorana
particles. However, in this letter, we point out two scenar-
ios where the neutrinos are Majorana particles and one pre-
dicts the existence of very light right-handed neutrinos. In
the first scenario, the B − L is broken in two units but the
right-handed neutrinos are very light, with masses below the
eV scale. In this case, the neutrino masses are generated at
tree level through the inverse Type II ‘seesaw’ mechanism. In
the second mechanism, the right-handed and left-handed Ma-
jorana neutrino masses are generated at the one-loop level. In
this case the right-handed neutrinos are also very light.
We investigate the main phenomenological constraints for
the neutrino mass mechanisms where the right-handed neu-
trinos are very light. We discuss in detail the cosmological
bounds on the effective number of relativistic degrees of free-
dom to impose non-trivial bounds on the neutrino interactions.
We show that the cosmological bounds are as competitive as
the current collider bounds on new gauge bosons interacting
with all the SM fermions. The predictions for the lepton num-
ber violating processes such as µ → e and µ → eγ are in-
vestigated in detail. Lepton flavor violating (LFV) transition
searches are nowadays one of the most sensitive probes of new
physics and their sensitivity is expected to be improved at least
3-4 orders of magnitude in the near future. Therefore, the pre-
diction of light sterile neutrinos and testable lepton number
violating signals at the current and future experiments make
the Radiative seesaw model proposed in this Letter an appeal-
ing mechanism to generate neutrino masses in the context of
B − L gauge symmetries.
This letter is organized as follows: In section II we discuss
the main mechanisms for neutrino masses in simple theories
where B − L is a local symmetry, in section III the main fea-
tures of the B−L radiative seesaw mechanism are discussed,
in section IV we discuss the cosmological bounds, in section
V we discuss the predictions for lepton number violating pro-
cesses, while in section VI we summarize the main results.
II. NEUTRINO MASSES AND B-L GAUGE SYMMETRY
It is very well-known that there is a simple connection be-
tween the generation of neutrino masses and the B−L gauge
symmetry. The B − L local symmetry is the simplest sym-
metry which can be anomaly free by adding three copies of
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2right-handed neutrinos, i.e. νiR with i = 1, 2, 3. Here we dis-
cuss the simplest mechanisms for neutrino masses where the
B − L gauge symmetry is spontaneously broken and define
the seesaw scale.
• Dirac Neutrinos: As the other SM fermions, neutrinos
can be Dirac fermions, and in this case the relevant La-
grangian is given by
− L ⊃ Yν `Liσ2H∗νR + h.c., (1)
where `L ∼ (1, 2,−1/2,−1), H ∼ (1, 2, 1/2, 0), and
νR ∼ (1, 1, 0,−1). Here the local B − L gauge sym-
metry forbids the Majorana mass for right-handed neu-
trinos, and the gauge boson ZBL can acquire mass in
two different ways:
a) Using the Stueckuelberg mechanism [10] one can
generate a mass for theZBL without breaking the gauge
symmetry [11] through the following terms
− LSt ⊃ 1
2
(MBLZ
µ
BL + ∂
µσ) (MBLZBLµ + ∂µσ) , (2)
where the gauge transformation is written as δZµBL =
∂µλ and δσ = −MBLλ. See Ref. [11] for a detailed
study.
b) One can break B − L through the Higgs mechanism
where the new Higgs SBL has aB−L quantum number
larger than two, and with the minimal field content one
cannot generate Majorana masses for the right-handed
neutrinos.
In both cases the neutrino masses are given by Mν =
1√
2
YνvH , with vH =
√
2
〈
H0
〉
= 246 GeV and
Yν ≈ 10−13−10−12 in order to reproduce the values of
the squared mass differences measured in the neutrino
experiments.
• Canonical Seesaw [12]: In the case when SBL ∼
(1, 1, 0, 2) breaks B − L one can generate Majorana
masses for the right-handed neutrinos at tree level. This
is the case of canonical Type I seesaw and the relevant
Lagrangian is given by
− LIν = Yν `Liσ2H∗νR + λR νTRCνRSBL + h.c., (3)
with λR = λTR. The neutrino mass matrix in the basis
(ν, νC) reads as
MIν =
(
0 MDν
(MDν )
T MRν
)
, (4)
where
MDν =
1√
2
YνvH , and MRν =
√
2 λRvBL. (5)
Here vBL =
√
2 〈SBL〉 defines the seesaw scale. In this
case, the right-handed neutrino masses can be large and
the upper bound on the B − L breaking scale is around
1014 GeV. Therefore, there is a priori no reason to ex-
pect this particular realization of the seesaw mechanism
to be tested in the near future.
In the case when the right-handed neutrino masses are
below the TeV scale, they can be produced through the
B − L gauge boson, i.e. pp → Z∗BL → NN , see for
example Ref. [13] for the study of these signatures at the
LHC. It is important to emphasize that in the context of
the canonical seesaw the symmetry breaking scale can
be large and we might never be able to test this idea.
• B − L Inverse Type II seesaw: One can have a dif-
ferent scenario for the generation of neutrino masses
by breaking the B − L symmetry with a scalar triplet
∆ ∼ (1, 3, 1, 2), which generates Majorana masses for
the left-handed neutrinos. In this context, the B − L
symmetry is broken in two units but the right-handed
neutrinos are very light as we will show. The relevant
Lagrangian for our discussion is given by
− LIIν = Yν`Liσ2H∗νR + λL`TLCiσ2∆`L + h.c., (6)
with λL = λTL and ∆ is given by
∆ =
(
δ+/
√
2 δ++
δ0 −δ+/√2
)
. (7)
In this context the neutrino mass matrix in the basis
(ν, νC) reads as
MIIν =
(
MLν M
D
ν
(MDν )
T 0
)
, (8)
where
MLν =
√
2λLv∆, (9)
with v∆/
√
2 being the vacuum expectation value of
the neutral component of the triplet, δ0. Clearly, in
this scenario the right-handed neutrino masses will be
smaller or have similar values as the left-handed neu-
trino masses. In this case there are two main possibili-
ties to consider:
– Pseudo-Dirac neutrinos when MLν << MDν ,
– Majorana neutrinos when MDν << MLν .
In order to avoid large mixing between the active and
sterile neutrinos one should work in the limit MDν <<
MLν , and in this case the neutrino masses are given by
MνL ≈MLν , and MνR ≈ (MDν )2/MLν .
Then, we have the interesting result that the right-
handed neutrinos, ‘sterile’ neutrinos, must be very light
even if B − L has been broken in two units.
3Σ0 H0i
H0k
νL/R νL/R
H+jδ+
FIG. 1: B −L Radiative Seesaw Mechanism in the unbroken phase.
Now, since the vacuum expectation value of the ∆ field
cannot be large, v∆ . 4 GeV, one needs to add a new
Higgs, S ∼ (1, 1, 0, nBL) with |nBL| > 2, in or-
der to generate a large mass for the B − L gauge bo-
son. Here |nBL| > 2 is required to avoid any higher-
dimensional operator which could generate masses for
the right-handed neutrinos. Unfortunately, in this case
one predicts the existence of an extra Goldstone boson,
the Majoron, and one has a new contribution to the Z
decays, Z → JδR. Here J is for the massless Majoron
and δR for the light CP-even Higgs. This model is ruled
out as the original Roncadelli-Gelmini model [14].
It is important to mention that the simplest scenario,
with only the scalar triplet and the SM Higgs in the
scalar sector, can be realistic because the Majoron is
eaten by the ZBL. However, since v∆ . 4 GeV the
ZBL has to be very light and one needs to assume a
very small gBL gauge coupling to satisfy all experimen-
tal bounds, see for example [15, 16], and therefore it is
very difficult or impossible to test this mechanism.
• B − L Radiative Seesaw Mechanism: Now, we would
like to point out a second mechanism for neutrino
masses where the B − L symmetry is spontaneously
broken. One can generate neutrino masses at one-loop
level using the Zee-mechanism [17]. In this scenario we
study a simple extension of the Zee mechanism where
the local B − L gauge symmetry is spontaneously bro-
ken. In order to generate neutrino masses only through
the Zee mechanism the needed interactions are given by
−LRSν = λL`TLCiσ2`Lδ+ + λRνTRCeRδ+
+ λijH
T
i iσ2ΣHjδ
− + Y ie ¯`LHieR
+ Y iν
¯`
Liσ2H
∗
i νR + h.c., (10)
with λL = −λTL , i = 1, 2, and the fields δ+ ∼
(1, 1, 1, 2), Hi ∼ (1, 2, 1/2, 0) and Σ ∼ (1, 3, 0, 2)
which is given by
Σ =
1√
2
(
Σ0
√
2Σ+1√
2Σ−2 −Σ0
)
. (11)
In this case one can generate masses for the left and
right-handed neutrinos at the one-loop level according
to Fig. 1 and, as we will explain in the next sections, the
right-handed neutrinos have to be light in this context.
In this case the neutrino masses, as in the previous sce-
nario, are proportional to the vacuum expectation value
of the real triplet breaking the local B−L which has to
be below the GeV scale. Notice that the field Σ cannot
generate masses for the right-handed neutrinos at tree
level. As in the previous case, in order to generate a
large mass for the B − L gauge boson, a new Higgs,
S ∼ (1, 1, 0,−4) must be included in this model.
As one can appreciate, we have pointed out two models based
on the spontaneous breaking of the B − L gauge symmetry
where the right-handed neutrinos are very light with mass be-
low the eV scale. Unfortunately, in the case of Inverse Type
II seesaw one needs to assume a very small B − L gauge
coupling to be in agreement with the experiment. In the next
section we will focus on the B − L Radiative Seesaw Mech-
anism which can be realistic and could be tested in current or
future experiments.
III. B − L RADIATIVE SEESAWMECHANISM
As we have discussed before, the neutrino masses can be
generated at one-loop level as we have shown in Fig. 1. In
this scenario in order to generate neutrino masses one has two
Higgs doublets (including the SM Higgs) Hi ∼ (1, 2, 1/2, 0),
a singly charged Higgs δ+ ∼ (1, 1, 1, 2) and a Higgs triplet
Σ ∼ (1, 3, 0, 2). Here we discuss some of the main features
of this model. The W-mass in this case is given by
M2W =
1
4
g22(v
2
1 + v
2
2 + 4v
2
Σ), (12)
with v2 = v21 + v
2
2 + 4v
2
Σ. Here vi/
√
2 is the vacuum expec-
tation value of the Higgs doublet Hi.
In this scenario there is no mixing between the new neutral
gauge boson ZBL and the rest of SM gauge bosons. Since the
vacuum expectation value of the triplet contributes to the W-
mass, one finds that the variation of the ρ parameter is given
by
δρ = ρ− 1 = M
2
W
M2Z cos
2 θW
− 1 = 4v
2
Σ
v21 + v
2
2
. (13)
As in the case of the Inverse Type II seesaw, the ρ-parameter
imposes an upper bound on the triplet vacuum expectation
value, vΣ . 3 GeV [18]. In this context the mass of the new
gauge boson is given by
M2ZBL = g
2
BL(16v
2
S + 4v
2
Σ). (14)
Here vS/
√
2 is the vacuum expectation value of the field S ∼
(1, 1, 0,−4) needed to generate a large mass for the B − L
4gauge boson. Here S plays a twofold role: since in the scalar
potential the term TrΣ2S is allowed one avoids the existence
of extra Goldstone bosons and since the vacuum expectation
value can be large one can satisfy the experimental bounds
on the B − L gauge boson without assuming a small gauge
coupling.
Using the interactions in Eq. (10) one can compute the neu-
trino masses generated at the one-loop level. The mass matrix
for the charged Higgses is diagonalized by the following uni-
tary matrix V, 
H+1
H+2
Σ+1
Σ+2
δ+
 = V

h+1
h+2
h+3
h+4
h+5
 , (15)
and the mass matrix for neutrinos is given by
Mν =
(
MLν M
D
ν
(MDν )
T MRν
)
, (16)
where
(MLν )
αγ =
1
8pi2
∑
β
λαβL meβ
∑
i
Log
(
m2hi
m2eβ
)
× (Y †e1
βγ
V ∗1i + Y
†
e2
βγ
V ∗2i)V5i + α↔ γ, (17)
(MRν )
αγ =
1
(4pi)2
∑
β
λαβR meβ
∑
i
Log
(
m2hi
m2eβ
)
× (Y βγν1 V ∗1i + Y βγν2 V ∗2i)V5i + α↔ γ. (18)
In this case when Yν is very small one has an inverse seesaw
for the neutrino masses since MLν >> M
D
ν ,M
R
ν . This sce-
nario represents the most interesting case since one can have a
small mixing angle between the left-handed and right-handed
neutrinos. Therefore, as in the case of the Inverse Type II see-
saw mechanism, here we predict the existence of light right-
handed neutrinos. Their masses should be below or at the
scale of the left-handed neutrinos.
In order to complete our discussions we show in Fig. 2 the
branching ratios for the B−L gauge boson for different mass
values. As we can see in Fig. 2 the invisible branching ra-
tio can be very large, between 40% − 30% in the mass range
shown, due to the presence of very light right-handed neu-
trinos. The branching ratio into charged leptons is basically
equal to the invisible decays as we show in Fig. 2. In this
model, neglecting the mixing among the scalars without loss
of generality, the ZBL can decay into singly charged Higgses,
δ± and Σ±1/2 in the triplet, as we have shown in Fig. 2. We do
not consider here the possibility of ZBL decaying into neu-
tral Higgses since the massive CP-odd field is predicted to be
at the B − L scale. Only for illustration we use the values
mΣ+1
= mΣ+2
= 400 GeV and mδ+ = 600 GeV. In summary,
the B − L gauge boson has a large invisible branching ratio
invisible, ei
+ ei-
q q
t t
Σi+ Σi- δ+ δ-
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.0
0.1
0.2
0.3
0.4
MZBL (TeV)
B
r(Z BL
)
FIG. 2: Branching ratios for the B − L Gauge Boson. The green
line represents the invisible decays, which overlaps with the black
line, corresponding to the decays into two charged leptons. The or-
ange line corresponds to the decays into two quarks except for the
decay into two top quarks, which is represented by the red line.
The pink and blue lines correspond to the decays into two charged
Higgses, Σ±1/2 from the triplet and δ
±, respectively. Here we have
neglected any mixing among scalars for simplicity. The values
m
Σ+1
= m
Σ+2
= 400 GeV and mδ+ = 600 GeV have been taken
for illustration.
and the singly charged Higgses can be produced through this
new force.
IV. COSMOLOGICAL BOUNDS
In the two models for neutrino masses presented above
one predicts the existence of very light right-handed neutri-
nos with masses below or at the eV scale. Such dark ra-
diation is parameterized as the number of effective thermal-
ized neutrino species, Neff , and impacts several cosmologi-
cal events including nucleosynthesis and the time of matter-
radiation equality. In this section we show the constraints on
the parameters of the model in order to satisfy the cosmologi-
cal bounds.
The contribution of the very light sterile neutrinos to Neff
depends on how they have been thermalized. In this case the
thermalization can take place through two mechanisms:
• Through the sterile-active oscillations, see for example
Refs. [19–22] for different studies.
• Through new interactions, see for example the stud-
ies [23–25].
In the models proposed above we predict that the sterile
neutrinos must have mass below or at the scale similar to the
left-handed neutrinos and the mixing angles between the left
and right-handed neutrinos are not predicted. Assuming that
the mixing angle is very small we investigate the bounds from
the measured Neff values on the new interactions as in the
5second mechanism mentioned above. The change on Neff
due to the contribution of the light right-handed neutrinos is
given by
∆Neff = Neff −NSMeff = 3
(
TNdec
T νLdec
)4
= 3
(
g(T νLdec)
g(TNdec)
)4/3
,
(19)
where g(T ) is the effective number of degrees of freedom at
temperature T , NSMeff = 3.045 is the contribution of the SM
neutrinos and T νLdec = 3 MeV is their decoupling temperature.
In this article we will use the following bounds on Neff re-
ported in the recent analysis in Ref. [26]:
∆Neff < 0.28 when H0 = 68.7+0.6−0.7 Mpc
−1km/s, (20)
∆Neff < 0.77 when H0 = 71.3+1.9−2.2 Mpc
−1km/s. (21)
These bounds have been obtained using different data set, for
details about these bounds see Ref. [26].
In order to constrain the new interactions present in our
model we use these bounds and evaluate the decoupling tem-
perature for different values of the input parameters gBL and
MZBL .
The decoupling temperature of the right-handed neutrinos
can be computed using the relation
ΓN (T
N
dec) = H(T
N
dec), (22)
where the annihilation rate of right-handed neutrinos with
other SM particles is given by
ΓN (T ) = nN (T )
∑
f
〈
σf (NN → f¯f)v
〉
=
∑
f
g2N
nN
∫
d3p
(2pi)3
fN (p)
∫
d3k
(2pi)3
fN (k)σf (s)vM .
(23)
Here, vM represents de Moller velocity vM = (1 − cos θ)
where θ is the angle between the two colliding particles. The
function fN (k) is the Fermi-Dirac distribution, defined as
fN (k) =
1
ek/T + 1
, (24)
and the number density of the right-handed neutrinos, nN ,
which spin number is gN = 2, is given by
nN = gN
∫
d3k
(2pi)3
fN (k) =
3ξ(3)T 3
2pi2
. (25)
The cross-section of the right-handed neutrinos annihilation
into SM particles is given by
σf (s) =
g4BL
12pi
Nfc (Q
f
BL)
2s[
(s−M2ZBL)2 +M2ZBLΓ2ZBL
] , (26)
where s = 2pk(1 − cos θ), QfBL is the B − L charge of the
SM fermions, −1 for leptons and 1/3 for quarks, and Nfc is
ΔNeff = 0.77
ΔNeff = 0.28
2 4 6 8 10 12 14 16
3.5
4.0
4.5
MZBL /gBL (TeV)
N
ef
f
FIG. 3: Effective number of relativistic degrees of freedom vs. the
ratio of the B − L gauge boson mass and gauge coupling. The hor-
izontal lines correspond to the upper bounds mentioned in the text
and reported in Ref. [26].
3 for quarks and 1 for leptons. Now, working in the relevant
limit M2ZBL  s one finds
ΓN (T ) =
49pi5T 5
194400 ξ(3)
(
gBL
MZBL
)4∑
f
QfBLN
f
c . (27)
On the other hand, we have the Hubble parameter, defined as
H(T ) =
√
8piGNρ(T )
3
=
√
4pi3GN (g(T ) +
21
4 )
45
T 2, (28)
where g(T) represents the relativistic degrees of freedom of
the SM which values are given in Ref. [23]. Therefore, now
we are ready to understand the cosmological constraints in
this model.
In Fig. 3 we show the numerical results for the effective
number of relativistic degrees of freedom as a function of the
ratio between the B − L gauge boson mass and gauge cou-
pling. As one can appreciate, the ratio MZBL/gBL must be
larger than 7−8 TeV in order to be in agreement with the cos-
mological constraints. This bound is competitive with the col-
lider and electroweak precision bounds MZBL/gBL > 6 − 7
TeV [27–29]. In this way we show that one can have a consis-
tent picture with cosmology in these models even if the right-
handed neutrinos are very light.
V. LEPTON NUMBER VIOLATING PROCESSES
In the canonical B−L models for neutrino masses the lep-
ton number violating processes such as µ → eγ are highly
suppressed. The branching ratio, see left graph in Fig. 4 for
the Feynman graph, is strongly suppressed by unitarity con-
straints on the mixing matrices Vν , as well as in the SM case,
6FIG. 4: Processes contributing to µ→ eγ in the Radiative Seesaw.
which is given by
AWR ≈
g2L e
64pi2
mµ
m2W
∑
i
(Vν)ei(V
∗
ν )µiF
(
m2νi
m2W
)
. (29)
where Vν refers to the rotation matrix which brings neutrinos
to their flavor-diagonal basis. Here one can see how the loop
factor, defined as
F (x) =
10− 43x+ 78x2 − 49x3 + 18x3 Log(x) + 4x4
6(1− x)4
(30)
gives a constant for a very suppressed mass ratio, which is
therefore suppressed by the unitarity constraints on the mix-
ing matrix. However, in the context of the Radiative Seesaw
mechanism, the presence of the Yukawa couplings λL and λR,
which enter in the amplitude according to right graph in Fig. 4,
avoid the unitarity suppression and the amplitudes of the pro-
cess µ→ eγ mediated by δ+ are given by
Aδ
+
L =
e
8pi2
mµ
m2δ+
∑
c,d
(λ∗R)
ceλdµR
∑
i
V ciN (V
∗
N )
diG
(
m2Ni
m2δ+
)
,
(31)
Aδ
+
R =
e
4pi2
mµ
m2δ+
∑
c,d
(λ∗L)
ceλdµL
∑
i
(V ∗ν )
ciV diν G
(
m2νi
m2δ+
)
,
(32)
where the loop-factor is given by
G(x) =
1− 6x+ 3x2 + 2x3 − 6x2Log(x)
12(1− x)4 . (33)
Here we have neglecting the mixing among charged scalars.
In the above expressions AR and AL refer to the amplitudes
entering in the process µ→ eγ according to
A(µ→ eγ) = iue(p− q)∗νσνµqµ[ARPR +ALPL]uµ(p),
(34)
where pµ and qµ are the muon and photon quadrimomenta.
In Fig. 5 we show the predictions for the branching ratio for
the process µ → eγ. As Fig. 5 shows, for a reasonable light
choice of the mass of the charged singlet, we have LFV sig-
nals entering in our range of visibility, which makes the model
testable regarding current and future experiments. In Fig. 5,
the red line shows the current upper bound on µ→ eγ, given
FIG. 5: Prediction on the branching ratio of the process µ → eγ as
a function of Mδ+ . Here, the Yukawa couplings λL and λR range
from 10−4 to 10−1. The red line shows the current experimental
upper bound on µ → eγ, 4.2 × 10−13 [30] and the orange dashed
line shows the projected bound 6× 10−14 [31].
by the MEG experiment at PSI,
Br(µ→ eγ) < 4.2× 10−13 [30],
which is expected to be further improved to 6×10−14 (orange
dashed line) [31]. Even if µ → eγ is nowadays the most
constrained LFV process, it is very interesting to also look
at µ → e conversion, which bounds on different nuclei are
reported in Table I. Projected bounds on µ − e conversion,
unlike on µ → eγ, are expected to be improved up to four
orders of magnitude according to future experiments such as
DeeMe at J-PARC [32], with a sensitivity of 10−14, COMET
at J-PARC [33], with 10−16, and Mu2e at Fermilab [34], with
6× 10−17. Therefore, these projected bounds provide a good
motivation for the study of these processes.
TABLE I: Current bounds on LFV for µ→ eγ and µ− e conversion
in different nuclei.
LFV process Current bounds
Br(µ→ eγ) 4.2× 10−13 [30]
Br(µ Ti→ e Ti) 4.3× 10−12 [35]
Br(µ Au→ e Au) 7× 10−13 [36]
Br(µ Pb→ e Pb) 4.6× 10−11 [37]
In Figs. 6 and 7 we show the predictions on the branching
ratio for µ − e conversion processes in nuclei such as
aluminium (Al), titanium (Ti), gold (Au) and lead (Pb). The
computation of the branching ratios for µ − e conversion has
been done following Ref. [38] (see this reference for details).
For the first two nuclei, the projected bounds are 10−14
(DeeMe) [32] and 10−17 (COMET and Mu2e) [33, 34], as
we show in the dashed lines.
We would like to emphasize on the testability of the Radia-
tive Seesaw mechanism model via LFV signals like `i → `jγ
and µ − e conversion in comparison with other models, like
the canonical Type I seesaw mechanism, which are hopeless
7DeeMe
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FIG. 6: Prediction on the branching ratios of the process µ− e con-
version in Al and Ti nuclei as a function of the mass of the singly
charged Higgs, Mδ+ . Here, the Yukawa couplings λL and λR en-
tering in the process range from 10−4 to 10−1. The solid red lines
show the experimental upper bounds on µ − e for the different nu-
clei (see Table I). The dashed lines show the projected sensitivities of
the experiments DeeMe with 10−14 [32] (green line), COMET with
10−16 and Mu2e with 6× 10−17 [33, 34] (orange line).
to be tested in the current and even future experiments. Apart
from the prediction of light Sterile neutrinos, the fact of pre-
dicting accessible LFV at colliders makes the model one of
the most attractive B − L extensions of the Standard Model.
VI. SUMMARY
We have discussed the relation between the generation of
neutrino masses and the spontaneous breaking of the B − L
gauge symmetry. We have proposed two simple models where
the neutrino masses are generated dynamically in the context
of theories where theB−L gauge symmetry is spontaneously
broken. In the first model the B − L symmetry is broken in
two units but the right-handed neutrinos are predicted to be
very light; they must have masses below the eV scale. In this
case the neutrino masses are generated through the B − L
Inverse Type II seesaw mechanism. In the second model the
Majorana masses for the right-handed and the SM neutrinos
are generated at the quantum level through theB−L radiative
mechanism. The right handed neutrino masses are predicted
to be very light as in the first model. Only the B−L radiative
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FIG. 7: Prediction on the branching ratios of the process µ− e con-
version in Au and Pb nuclei as a function of the mass of the singly
charged Higgs, Mδ+ . Here, the Yukawa couplings λL and λR en-
tering in the process range from 10−4 to 10−1. The solid red lines
show the experimental upper bounds on µ−e for the different nuclei
(see Table I).
seesaw mechanism can be realistic without assuming small
gauge coupling and could be tested in the near future.
We have discussed the main phenomenological and cosmo-
logical constraints. The bounds coming from the constraints
on the effective number of relativistic degrees of freedom have
been discussed in detail. These bounds are as competitive as
the collider bounds on the B − L breaking scale. The impli-
cations for the decays of the B − L gauge boson have been
discussed in order to understand the testability of these mod-
els at collider experiments. We have investigated in detail
the predictions for lepton number violating processes such as
µ → eγ and µ → e conversion in nuclei, showing that the
radiative B − L seesaw mechanism could be tested in the fu-
ture LFV experiments. The B − L radiative seesaw mecha-
nism proposed in this Letter can be considered as an appealing
mechanism for neutrino masses.
Acknowledgments: P. F. P. thanks Mark B. Wise for discus-
sions and comments on the manuscript. The work of P.F.P.
has been supported by the U.S. Department of Energy under
contract No. de-sc0018005. C.M. thanks Toni Pich for dis-
cussions. The work of C.M. has been supported in part by
the Spanish Government and ERDF funds from the EU Com-
mission [Grants No. FPA2014-53631-C2-1-P and SEV-2014-
0398] and “La Caixa-Severo Ochoa” scholarship.
8[1] I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-
Soler and T. Schwetz, “Updated fit to three neutrino mixing:
exploring the accelerator-reactor complementarity,” JHEP 1701
(2017) 087 doi:10.1007/JHEP01(2017)087 [arXiv:1611.01514
[hep-ph]].
[2] P. A. R. Ade et al. [Planck Collaboration], “Planck 2015 results.
XIII. Cosmological parameters,” Astron. Astrophys. 594 (2016)
A13 doi:10.1051/0004-6361/201525830 [arXiv:1502.01589
[astro-ph.CO]].
[3] N. Palanque-Delabrouille et al., “Neutrino masses and cos-
mology with Lyman-alpha forest power spectrum,” JCAP
1511 (2015) no.11, 011 doi:10.1088/1475-7516/2015/11/011
[arXiv:1506.05976 [astro-ph.CO]].
[4] A. J. Cuesta, V. Niro and L. Verde, “Neutrino mass limits: ro-
bust information from the power spectrum of galaxy surveys,”
Phys. Dark Univ. 13 (2016) 77 doi:10.1016/j.dark.2016.04.005
[arXiv:1511.05983 [astro-ph.CO]].
[5] E. Giusarma, M. Gerbino, O. Mena, S. Vagnozzi, S. Ho
and K. Freese, “Improvement of cosmological neutrino
mass bounds,” Phys. Rev. D 94 (2016) no.8, 083522
doi:10.1103/PhysRevD.94.083522 [arXiv:1605.04320 [astro-
ph.CO]].
[6] S. Hannestad and T. Schwetz, “Cosmology and the neu-
trino mass ordering,” JCAP 1611 (2016) no.11, 035
doi:10.1088/1475-7516/2016/11/035 [arXiv:1606.04691
[astro-ph.CO]].
[7] R. N. Mohapatra and A. Y. Smirnov, “Neutrino Mass
and New Physics,” Ann. Rev. Nucl. Part. Sci. 56 (2006)
569 doi:10.1146/annurev.nucl.56.080805.140534 [hep-
ph/0603118].
[8] Y. Cai, J. Herrero-Garca, M. A. Schmidt, A. Vicente and
R. R. Volkas, “From the trees to the forest: a review of radiative
neutrino mass models,” arXiv:1706.08524 [hep-ph].
[9] P. Fileviez Perez, “The Origin of Neutrino Masses and Physics
Beyond the Standard Model,” AIP Conf. Proc. 1222 (2010) 3
doi:10.1063/1.3399352 [arXiv:0909.2698 [hep-ph]].
[10] E. C. G. Stueckelberg, “Interaction energy in electro-
dynamics and in the field theory of nuclear forces,”
Helv. Phys. Acta 11 (1938) 225. doi:10.5169/seals-
110852 See also: B. Kors and P. Nath, “A Stueck-
elberg extension of the standard model,” Phys. Lett.
B 586 (2004) 366 doi:10.1016/j.physletb.2004.02.051
[hep-ph/0402047]. H. Ruegg and M. Ruiz-Altaba, “The
Stueckelberg field,” Int. J. Mod. Phys. A 19 (2004) 3265
doi:10.1142/S0217751X04019755 [hep-th/0304245].
[11] D. Feldman, P. Fileviez Perez and P. Nath, “R-parity
Conservation via the Stueckelberg Mechanism: LHC
and Dark Matter Signals,” JHEP 1201 (2012) 038
doi:10.1007/JHEP01(2012)038 [arXiv:1109.2901 [hep-ph]].
[12] P. Minkowski, “µ → e Gamma At A Rate Of One Out Of
1-Billion Muon Decays?,” Phys. Lett. B 67 (1977) 421; T.
Yanagida, in Proceedings of the Workshop on the Unified The-
ory and the Baryon Number in the Universe, eds. O. Sawada
et al., (KEK Report 79-18, Tsukuba, 1979), p. 95; M. Gell-
Mann, P. Ramond and R. Slansky, in Supergravity, eds. P.
van Nieuwenhuizen et al., (North-Holland, 1979), p. 315; S.L.
Glashow, in Quarks and Leptons, Carge`se, eds. M. Le´vy et al.,
(Plenum, 1980), p. 707; R. N. Mohapatra and G. Senjanovic,
“Neutrino Mass and Spontaneous Parity Violation,” Phys. Rev.
Lett. 44 (1980) 912.
[13] P. Fileviez Perez, T. Han and T. Li, “Testability of
Type I Seesaw at the CERN LHC: Revealing the Exis-
tence of the B-L Symmetry,” Phys. Rev. D 80 (2009)
073015 doi:10.1103/PhysRevD.80.073015 [arXiv:0907.4186
[hep-ph]].
[14] G. B. Gelmini and M. Roncadelli, “Left-Handed Neutrino Mass
Scale and Spontaneously Broken Lepton Number,” Phys. Lett.
99B (1981) 411. doi:10.1016/0370-2693(81)90559-1
[15] B. Batell, M. Pospelov and B. Shuve, “Shedding Light on
Neutrino Masses with Dark Forces,” JHEP 1608 (2016) 052
doi:10.1007/JHEP08(2016)052 [arXiv:1604.06099 [hep-ph]].
[16] J. Heeck, “Unbroken B - L symmetry,” Phys. Lett. B 739 (2014)
256 doi:10.1016/j.physletb.2014.10.067 [arXiv:1408.6845
[hep-ph]].
[17] A. Zee, “A Theory of Lepton Number Violation, Neutrino Ma-
jorana Mass, and Oscillation,” Phys. Lett. B 93 (1980) 389 Er-
ratum: [Phys. Lett. B 95 (1980) 461].
[18] P. Fileviez Perez, H. H. Patel, M. J. Ramsey-Musolf and
K. Wang, ” Scalars and Dark Matter at the LHC,” Phys.
Rev. D 79 (2009) 055024 doi:10.1103/PhysRevD.79.055024
[arXiv:0811.3957 [hep-ph]].
[19] R. Barbieri and A. Dolgov, “Bounds on Sterile-neutrinos
from Nucleosynthesis,” Phys. Lett. B 237 (1990) 440.
doi:10.1016/0370-2693(90)91203-N
[20] K. Enqvist, K. Kainulainen and J. Maalampi, “Neutrino Asym-
metry and Oscillations in the Early Universe,” Phys. Lett. B 244
(1990) 186. doi:10.1016/0370-2693(90)90053-9
[21] S. Hannestad, I. Tamborra and T. Tram, “Thermalisa-
tion of light sterile neutrinos in the early universe,”
JCAP 1207 (2012) 025 doi:10.1088/1475-7516/2012/07/025
[arXiv:1204.5861 [astro-ph.CO]].
[22] A. Mirizzi, N. Saviano, G. Miele and P. D. Serpico, “Light
sterile neutrino production in the early universe with dy-
namical neutrino asymmetries,” Phys. Rev. D 86 (2012)
053009 doi:10.1103/PhysRevD.86.053009 [arXiv:1206.1046
[hep-ph]].
[23] A. Solaguren-Beascoa and M. C. Gonzalez-Garcia, “Dark Radi-
ation Confronting LHC in Z’ Models,” Phys. Lett. B 719 (2013)
121 doi:10.1016/j.physletb.2012.12.065 [arXiv:1210.6350
[hep-ph]].
[24] L. A. Anchordoqui, H. Goldberg and G. Steigman, “Right-
Handed Neutrinos as the Dark Radiation: Status and
Forecasts for the LHC,” Phys. Lett. B 718 (2013) 1162
doi:10.1016/j.physletb.2012.12.019 [arXiv:1211.0186 [hep-
ph]].
[25] P. Fileviez Perez and S. Spinner, “Supersymmetry at the LHC
and The Theory of R-parity,” Phys. Lett. B 728 (2014) 489
doi:10.1016/j.physletb.2013.12.022 [arXiv:1308.0524 [hep-
ph]].
[26] J. L. Bernal, L. Verde and A. G. Riess, “The trouble
with H0,” JCAP 1610 (2016) no.10, 019 doi:10.1088/1475-
7516/2016/10/019 [arXiv:1607.05617 [astro-ph.CO]].
[27] M. Carena, A. Daleo, B. A. Dobrescu and T. M. P. Tait, “Z′
gauge bosons at the Tevatron,” Phys. Rev. D 70 (2004) 093009
doi:10.1103/PhysRevD.70.093009 [hep-ph/0408098].
[28] G. Cacciapaglia, C. Csaki, G. Marandella and A. Strumia, “The
Minimal Set of Electroweak Precision Parameters,” Phys. Rev.
D 74 (2006) 033011 doi:10.1103/PhysRevD.74.033011 [hep-
ph/0604111].
[29] E. Salvioni, A. Strumia, G. Villadoro and F. Zwirner, “Non-
universal minimal Z’ models: present bounds and early LHC
reach,” JHEP 1003 (2010) 010 doi:10.1007/JHEP03(2010)010
[arXiv:0911.1450 [hep-ph]].
[30] J. Adam et al. [MEG Collaboration], “New constraint on
the existence of the µ+ → e+γ decay,” Phys. Rev.
9Lett. 110 (2013) 201801 doi:10.1103/PhysRevLett.110.201801
[arXiv:1303.0754 [hep-ex]].
[31] A. M. Baldini et al., “MEG Upgrade Proposal,”
arXiv:1301.7225 [physics.ins-det].
[32] M. Aoki [DeeMe Collaboration], “A new idea for an experi-
mental search for µ − e conversion,” PoS ICHEP 2010 (2010)
279.
[33] Y. G. Cui et al. [COMET Collaboration], “Conceptual de-
sign report for experimental search for lepton flavor violating
µ − e conversion at sensitivity of 10−16 with a slow-extracted
bunched proton beam (COMET),” KEK-2009-10.
[34] L. Morescalchi, “The Mu2e Experiment at Fermilab,” PoS DIS
2016 (2016) 259 [arXiv:1609.02021 [hep-ex]].
[35] C. Dohmen et al. [SINDRUM II Collaboration], “Test of lepton
flavor conservation in µ → e conversion on titanium,” Phys.
Lett. B 317 (1993) 631. doi:10.1016/0370-2693(93)91383-X
[36] W. H. Bertl et al. [SINDRUM II Collaboration], “A Search for
muon to electron conversion in muonic gold,” Eur. Phys. J. C
47 (2006) 337. doi:10.1140/epjc/s2006-02582-x
[37] W. Honecker et al. [SINDRUM II Collaboration], “Improved
limit on the branching ratio of µ→ e conversion on lead,” Phys.
Rev. Lett. 76 (1996) 200. doi:10.1103/PhysRevLett.76.200
[38] P. Fileviez Perez and C. Murgui, Phys. Rev. D 95 (2017) no.7,
075010 doi:10.1103/PhysRevD.95.075010 [arXiv:1701.06801
[hep-ph]].
